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Abstract Three-dimensional open porous scaffolds are
commonly used in tissue engineering (TE) applications to
provide an initial template for cell attachment and subse-
quent cell growth and construct development. The macro-
scopic geometry of the scaffold is key in determining the
kinetics of cell growth and thus in vitro ‘tissue’ formation. In
this study, we developed a computational framework based
on the level set methodology to predict curvature-dependent
growth of the cell/extracellular matrix domain within TE
constructs. Scaffolds with various geometries (hexagonal,
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square, triangular) and pore sizes (500 and 1,000 µm) were
produced in-house by additive manufacturing, seeded with
human periosteum-derived cells and cultured under static
conditions for 14 days. Using the projected tissue area as
an output measure, the comparison between the experimen-
tal and the numerical results demonstrated a good qualitative
and quantitative behavior of the framework. The model in
its current form is able to provide important spatio-temporal
information on final shape and speed of pore-filling of tissue-
engineered constructs by cells and extracellular matrix dur-
ing static culture.
Keywords Level set method · Curvature based growth ·
Tissue engineering · Scaffold design
1 Introduction
Three-dimensional (3D) porous scaffolds are commonly
used in tissue engineering (TE) applications to provide an ini-
tial template for subsequent cell growth and construct devel-
opment. Their architectural features, alongside with physic-
ochemical characteristics, have been seen to play a signif-
icant role in important biological processes such as initial
cell attachment (Melchels et al. 2010, 2011), cell growth,
and extracellular matrix (ECM) formation during 3D in vitro
culture (Zeltinger et al. 2001a; Hollister et al. 2002; Bael
et al. 2012b). Geometrical scaffold properties such as pore
size (Zeltinger et al. 2001b) and pore shape (Knychala et al.
2013), and more specific features such as curvature (Rumpler
et al. 2008; Gamsjager et al. 2013) have been shown to con-
stitute crucial design considerations in controlling cell fate
both for in vitro (Rumpler et al. 2008) and in vivo applications
(Bidan et al. 2012). Nelson et al. (2005) studied the hypothe-
sis that scaffold geometry controls the evolving multicellular
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construct geometry by defining patterns of mechanical stress
throughout the structure, thereby enhancing cell prolifera-
tion. Furthermore, cell growth rate has been suggested to be
dependent on mechanical stress, with a dependence of the
rate of cell division on local stress regimes (Shraiman 2005;
Dunlop et al. 2010) [For review on mechanotransduction see
(Eyckmans et al. 2011)].
Literature on the numerical exploration of growth kinetics
of cell/tissue structures driven by the geometric properties of
scaffolds (Rumpler et al. 2008; Bidan et al. 2012; Gamsjager
et al. 2013; Knychala et al. 2013) is expanding rapidly. The
concept of curvature-controlled growth has been put forward
by Dunlop et al. (13) to capture the previously mentioned
dependence of cell growth kinetics on the local surface cur-
vature of the substrate. Rumpler et al. developed a 2D model
capable of capturing in vitro curvature-driven cell growth by
advecting the cell/ECM surface with a curvature-dependent
velocity. They recently extended their model to 3D, based on
an analytical computation of the curvature which depends on
a sphere (mask) browsing digital image-sets of the geome-
tries of interest and compute the curvature within the mask
(Bidan et al. 2013b). A major limitation of the aforemen-
tioned approach is its focus in symmetric 3D pore channel
structures which cannot be extrapolated to complex and non-
symmetrical scaffold geometries. Therefore, developing a
model of curvature-dependent growth that readily and accu-
rately allows simulation of cell/ECM growth over realistic
convex or non-convex 3D scaffold geometries is important
for the design of optimal TE scaffolds.
The development of additive manufacturing techniques
has enabled the production of porous structures with con-
trolled architectures suitable for TE applications (Bael et al.
2011; Sobral et al. 2011). However, their design character-
istics still lack features to guide cell fate. Studies regarding
cell–material interactions often focus on surface topography,
microenvironment niches, and single-cell observations [for
review see Higuchi et al. (2013), Lutolf and Hubbell (2005)]
with limited translational relevance to TE. Currently, a wide
variety of regular and irregular 3D scaffolds is reported in the
literature, however, regular pore geometry scaffolds seem to
offer certain advantages by minimizing intra-scaffold vari-
ability. In this work as a case study, 3D regular pore geometry
Ti6Al4V (Ti) scaffolds were used, which in combination with
human periosteum-derived cells (hPDCs) allow cell prolifer-
ation and differentiation to osteogenic phenotypes resulting
in 3D mineralized constructs (Chai et al. 2012; Papantoniou
et al. 2013b). Furthermore, when implanted ectopically in
vivo, they have been shown to successfully induce bone for-
mation (Chai et al. 2012a), thus constituting a promising sys-
tem for further study.
A crucial parameter for robust TE process design will be
the development of ‘realistic’ computational models that will
be able to predict the behavior of such complex cell-scaffold
systems under a range of culture process conditions. Expand-
ing on the conclusions of the aforementioned experimental
studies (Papantoniou et al. 2013b), we developed a 3D in
silico model based on the level set method (presented in
the next section). The aim of this paper is not to explore
the mechanisms of curvature-dependent growth but rather
to explore the use of the concept in a TE context by devel-
oping a computational framework capable of capturing the
curvature-dependent cell/ECM growth and applying it to a
range of 3D geometries.
2 Materials and methods
2.1 The level set method
In order to accurately simulate time-dependent events taking
place in the cell/ECM component on the one hand and the
remaining void space on the other, the level set (LS) method
was used in this study (Sethian 1999). The LS method is a
numerical method mainly used in multiphasic fluid dynamics
(AlMomani et al. 2008) or image processing (Machacek and
Danuser 2006) and phase transformations in metal physics
applications (Javierre et al. 2006) to follow an interface
between two moving domains. This method has also been
used to model 2D growth kinetics of biological systems such
as tumors (Hogea et al. 2006) and soft tissues (Lappa 2003a,
2005).
An important advantage of the LS technique in the con-
text of this study is its intrinsic way of computing the mean
curvature. Indeed the curvature only depends on the level set
function φ and the mesh size; hence, it can be computed with
minimal user intervention. The only element that the user has
to provide is a meshed domain of the scaffold pore.
Define a domain  ⊂ Rd , d = 2, 3; and a decomposition
of two subdomains 1 and 2 (where 1 is the cell/ECM
area/volume and 2 the void area/volume) with the interface
between them denoted as  and n the normal to this inter-
face. The role of the LS method is to track implicitly the
interface (t) moving with a velocity u. The main objective
of this method is a continuous scalar function ϕ defined on
the domain. This level set function ϕ is a signed distance
function chosen to be positive in 1, negative in 2, and
zero on . The interface tracking is described by an advec-
tion equation (1) of the level set function ϕ on the whole
domain . Equation (1) describes the Neumann (zero-flux)
boundary condition.
∂ϕ
∂t
+ u · ∇ϕ = 0 in  (1)
∇ϕ · n = 0 on ∂ (2)
The interface advection velocity u is determined in a similar
manner to that reported in other curvature-controlled models
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(Rumpler et al. 2008). In Rumpler et al. (2008), the authors
describe that the cell/ECM interface moves faster where its
local curvature κ is higher. Therefore, in this study, we define
u as follows (see Fig. 1):
u =
{−κn if κ > 0
0 if κ ≤ 0 (3)
In this study, by using the LS method, the cell/ECM interface
growth direction will be always from the surface of the strut
toward the void pore (ϕ < 0) space as observed experimen-
tally (Papantoniou et al. 2013b; Van Bael et al. 2012). This is
the reason why Eq. (3) has a negative sign, indeed, according
to our definition, the normal points toward the cell/ECM, so
the growth velocity has to be directed along the opposite of
the gradient of ϕ. As previously stated, the curvature of the
interface as well as its normal is intrinsically computed with
respect to the level set function ϕ, and their expression is as
follows:
n = ∇ϕ|∇ϕ| (4)
κ = ∇ · n. (5)
The curvature calculated in Eq. (4) corresponds to the mean
curvature, similar to what was used by Bidan et al. (2013a,b).
2.2 Implementation
The full model was implemented using the finite element
method (FEM) with an open source partial differential equa-
tion solver FreeFem++ (http://freefem.org) (Hecht 2012).
This solver is well adapted for the type of model devel-
oped in this study due to its ability to deal with complex
geometries and meshes, and its simplified way to treat any
type of partial differential equation (PDE) by implement-
ing its variational form. As a first step, relevant geometries
were created with the (free) software SALOME (http://www.
salome-platform.org) and then for the purpose of compati-
bility with FreeFem++, these geometries were meshed in a
open source meshing software GMSH (geuz.org/gmsh/). A
convergence study was executed to determine the optimal
mesh size which in this study was taken to have around one
million tetrahedrons for one pore.
To initialize the LS method, an initial distance function,
ϕ0, was defined in the domain  at the boundaries corre-
sponding to the scaffold struts. Due to the very nature of dis-
tance functions, the level set function ϕ is not differentiable
at certain locations (i.e., where gradient discontinuities may
be found), thus the normal n and the curvature κ are not prop-
erly defined everywhere in the domain. In order to overcome
this issue, an artificial diffusion term was added in the defi-
nition of n and κ (Eqs. (3) and (4)), leading to the equations
shown in (4) and (6).
Fig. 1 Schematic representation of the level set approach. The
cell/ECM interface (ϕ = 0) is represented in green, the cell/ECM
domain (ϕ >0) in yellow, and the ‘empty’ domain (ϕ <0) in white.
Arrows represent the curvature-controlled velocity, increasing from blue
to red
n = ∇ϕ|∇ϕ| + ε	n (6)
κ = ∇ · n + ε	κ (7)
The result of adding this numerical diffusion to the equations
is shown in Fig. 2. After verification on a simple test prob-
lem (that of a circle with radius 0.25, Fig. 2a–d) allowing
direct comparison of the numerical solution with the analyt-
ical solution, the parameter ε in Eqs. (4) and (6) was chosen
to be equal to 10−4 for all the simulations in this study. If ε
is too small, the numerical diffusion term in the smoothing
procedure is negligible and oscillations appear in the calcu-
lation of the curvature leading to loss of smoothness in the
definition of the interface (Fig. 2a). Contrarily, if ε is too
high, excessive diffusion is added leading to a smooth but
erroneous calculation of the curvature (Fig. 2c). Figure 2b
shows the application of the smoothness on the calculation
of the curvature distribution according to equation 4 on a 2D
surface showing oscillations for too low levels of ε (Fig. 2e)
and a smooth definition of the curvature for the proposed
level of ε (Fig. 2f).
Once n and κ are computed, the advection velocity u is
updated and Eq. (1) is solved. It is well known that this kind
of equation (pure convection) solved with the finite element
method leads to oscillations. To avoid this oscillatory behav-
ior, the addition of a stabilization term (under many differ-
ent forms) has been frequently described in the literature
(Bochev et al. 2004). The drawback of this method is its
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Fig. 2 Effect of adding numerical diffusion in the calculation of
the curvature. A Comparison between analytic solution of curvature
(1/radius) (in black) and numerical solution (in gray) for the curva-
ture of a circle function of radius 0.25 in the unit square (d) for (a)
ε = 10−6, (b) ε = 10−4, (c) ε = 10−2, B calculation of the cur-
vature κ of a distance function in the square (black: small curvature;
white: high curvature). The interface (ϕ = 0) is represented with a white
line. In (e), no numerical diffusion was added during the calculations so
oscillations appear and the interface is not smooth. In (f), the curvature
is correctly smoothed by diffusion and the interface is smooth due to the
addition of a limited amount of numerical diffusion in the calculations.
(g) Represent the iso-levels of the ϕ function (with in thick black, the
interface)
computational cost. A cost efficient computational approach,
implemented in FreeFem++, is the method of characteristics
(Polyanin ADZ and Moussiaux 2002). This method consists
of reducing a PDE to a system of ordinary differential equa-
tions (ODEs) along curves called ‘characteristics’; the reso-
lution of these ODEs along those curves leads to the solution
of the original PDE. Given the explicit nature of the time
integration scheme used in this study, the time step was fixed
at 10−4 in a convergence study.
2.3 Experimental data
In this study, results presented in Van Bael et al. (2012) were
used in a first calibration and validation round. The setup
of the experiment is briefly repeated below. Six distinct unit
cells were used which can be classified according to their
shape as triangular, hexagonal and square, and according to
their pore size. The pore sizes (measured in a 2D horizontal
plane, cf Fig. 3(1) first row) used in this study were 500 and
1,000 µm (Fig. 3). The outer dimensions of the scaffold were
6 mm height and 6 mm diameter. Scaffolds were produced by
a non-commercial, in-house-developed selective laser melt-
ing machine using Ti6Al4V powder (Raymor Industries Inc.,
Canada) as described in Van Bael et al. (2012). Each scaffold
was drop seeded with 200,000 human periosteum-derived
cells (hPDCs) (passage 5, additional details on the cell source
can be found in Bari et al. (2006)) in 60 µl cell suspension
and incubated statically for 1 h at 37◦ C to facilitate cell
attachment, before being transferred to a rotator to perform
dynamic rotation seeding. Cell seeding efficiencies between
80 and 95 % with significantly higher amounts of cells present
on the small pore scaffolds which have the largest surface
area (see Van Bael et al. 2012 for extensive discussion). After
6 h, the cell-seeded scaffolds were transferred to a 48-well
plate and cultured in GM for 14 days. Medium was refreshed
thrice a week. Cell growth on scaffolds was evaluated using
the Live-Dead viability/cytotoxicity staining (Invitrogen,
USA) performed according to the provider’s instructions.
Homogeneous cell growth over the whole 3D surface was
observed. Pictures of the growing cell/ECM domain (top and
bottom of scaffold) were taken for 7 and 14 days of culture.
2.4 Objectives of this study
The aim of this study is to develop a computational frame-
work that will enable modeling of the cell/ECM growth in
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Fig. 3 (1) Different scaffold geometries (hexagon, square, and triangle) used in this study for pore size equal to 500 µm (left) and 1 mm (right).
(2) Corresponding single pore for numerical simulations
porous structures. In this study, porous structures with var-
ious pore geometries and sizes were used. Cell seeding on
these porous structures was represented by the initial con-
dition in which the geometries were ‘seeded’ with a 10 µm
thin layer of cell/ECM on the struts (Fig. 4). As the small
pore scaffolds had the highest surface area and showed the
highest cell seeding efficiencies, this simple initial condition
reflected the observed experimental situation (Van Bael et al.
2012). For computational cost and accuracy, the simulation
was performed on a single scaffold pore. Due to the regular
geometry of the scaffolds used in this study, this simplifica-
tion does not limit the generalization of the model predic-
tions. Results are shown either for the entire pore or for half
a pore in order to be able to investigate cell/ECM evolution
within the pore.
Given the current absence of biological mechanistic
details in the definition of the parameters describing cell/ECM
growth, a calibration procedure was carried out based on
experimental in vitro data to obtain a first assessment of the
quantitative capabilities of the developed framework. Cali-
bration of the model consisted of linking the simulation time
(described by the number of iterations t using the fixed com-
putational time step) to absolute time (days in culture). The
parameter used for least square fitting was defined as the ratio
of the 2D projected void pore surface, Sv (white part in Fig. 1)
before and after cell culture (determined for both simulations
and experiments). For the calculation of projected void pore
surface from the experimental results, an average value was
determined over 6 pores. First, the simulation time t (in this
study, t is non-dimensional) needed to reach the projected
void pore surface ratio equal to that of the experimentally
measured one at culture day 7 was determined by best least
square fitting for the hexagonal geometry. Subsequently, t ∗2
was used to predict Sv values at day 14 for all geometries.
3 Results
The in vitro experimental results were used to compare and
calibrate the models (Fig. 6). Values of ‘projected tissue area’
(as a percentage of initial void area) obtained from live/dead
images of the in vitro constructs provided 2D information
regarding the development of cell/ECM construct in a static
3D culture over time. The comparison between in silico and
in vitro results demonstrated a satisfying qualitative agree-
ment in terms of shape. By least square fits a single cali-
bration parameter (relating simulated time to experimental
time) for all geometries of a same pore size was determined
and led to good results. For the small pore size, t = 1,500
iterations corresponded to 7 days and t = 3,000 to 14 days
of culture (Fig. 5a), while for the large pore size, t = 7,000
iterations corresponded to 7 days and t = 14,000 iterations
to 14 days of culture (Fig. 5b). A quantitative evaluation of
the projected tissue areas (both for computational and exper-
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Fig. 4 (1) Pore geometry (left) an cut in half (right) for better visualization. (2) Cell/ECM growth (green) at (a) initial state, (b) 15 %, (c) 30 %,
(d) 50 %, (e) 75 %, (f) 100 % of filling
imental results) of the aforementioned images is shown in
Fig. 6a, b. The model predicts two successive stages during
the cell/ECM growth process. The first one corresponds to
the filling of the vertical small spaces between struts, and the
second one is the filling of the pore itself. For instance, for
the case of 1 mm pore size scaffolds, the hexagon presents
very small vertical spaces leading to an acceleration of the
cell/ECM growth at the very beginning, whereas for the trian-
gle shaped scaffold, the vertical spaces were so large that they
did not reach complete filling for the entire duration of the
simulation, and therefore, the second growth stage could not
be observed. A good correspondence between computational
and experimental results was obtained where the simulated
projected tissue area was systematically less than one stan-
dard deviation away from the experimentally observed mean
projected tissue area. In more complex geometries, such as
the one shown in Fig. 7, particular behavior such as bridg-
ing between different local surfaces during cell/ECM growth
can be observed which is treated automatically with the LS
method in contrast to other techniques that previously have
been reported to implement curvature-dependent growth.
4 Discussion
This study provides a ‘proof of concept’ on the use of the LS
computational method as a tool to investigate 3D cell/ECM
growth on a range of titanium alloy (Ti6Al4V) scaffold archi-
tectures that are relevant to tissue engineering (TE) appli-
cations. The preference of cells to spontaneously grow in
a 3D cell/ECM network structure rather than in a flattened
2D manner when cultured in vitro on 3D scaffolds has been
reported in numerous studies (Papantoniou et al. 2013b; Kny-
chala et al. 2013; Papantoniou et al. 2013a; Grayson et al.
2004). In this study, a range of pore geometries was stud-
ied. Initial results showed that the curvature-driven growth
was correctly implemented capturing known qualitative fea-
tures of cell/ECM growth. Irrespective of the initial pore
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Fig. 5 Qualitative comparison between simulations and experiments. Numerical results are shown on the white background, experimental results
(live-dead staining) are shown on the black background at day 7 (left) and day 14 (right) for the 0.5 mm (top) and 1 mm (bottom) scaffold geometries
shape (Kommareddy et al. 2010; Rumpler et al. 2008), all
simulations eventually resulted in ‘spherical’ or ‘cylindrical’
geometries with positive curvatures at the corners leading to
higher velocities of interface growth, as observed by others
(Rumpler et al. 2008; Knychala et al. 2013) and negative cur-
vatures at the middle of the struts. Hexagonal pore scaffolds
possessing a shape that is closest to that of a circle showed
a faster growth of the cell/ECM domain, while triangular
pore scaffolds were seen to induce the slowest growth, in
agreement with what has been observed in our experiments
and reported in the literature to date (Rumpler et al. 2008;
Knychala et al. 2013; Bidan et al. 2013a).
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Fig. 6 a Quantitative comparison between simulations and experi-
ments. Surface fraction from a cross section (continuous line) for
0.5 mm (top) and 1 mm (bottom) geometries versus experimental pro-
jected area (data points, average ± standard deviation for 6 pores).
b Volume fraction (continuous line) for 0.5 mm (top) and 1 mm (bot-
tom) geometries
The use of curvature-driven growth models has been
shown to be an efficient approach when investigating biolog-
ical constructs in 2D (Rumpler et al. 2008; Bidan et al. 2012;
Knychala et al. 2013). However, due to the complexity of
many scaffold geometries and a lack of symmetry (regarding
the different axes), 2D approximations were employed limit-
ing thus their predictive capabilities regarding cell/ECM dis-
tribution in 3D structures with realistic design features. This
study proposed a 3D modeling approach able to interpret a
local change in the curvature and to use it to guide the growth
rate. Furthermore, it showed that the LS method is a powerful
approach in the context of curvature-driven growth simula-
tion due to its intrinsic evaluation of the direction of interface
motion and curvature, reducing in this way user intervention.
In previous studies in both 2D (Bidan et al. 2012) and 3D
(Bidan et al. 2013b), a mask was used over a digital (pixe-
lated) images to determine the local curvature of the construct
and use it to update the interface. This approach, although
allowing for easy implementation of novel geometries due
to the explicit use of CT data as input, requires substantial
input by the user when choosing an efficient mask size. Addi-
tionally, upscaling to 3D was not straightforward, especially
when dealing with complex pore structures, combining larger
and smaller curvatures. In this study, the user intervention
was strongly reduced due to the model’s ability to determine
the local curvature; the only intervention required is that of
setting the initial mesh size of the pore. This study shows the
potential of the LS approach in capturing curvature-driven
cell/ECM growth on different geometries including complex,
irregular, and non-symmetric shapes. Due to the very nature
of the LS method and its ability to treat changes in topology,
this model was able to simulate particular behavior such as
bridging between two local surfaces when moving in the
same direction (Fig. 7).
Despite the advantages inherent to the use of the LS
method for simulating cell/ECM growth, the model in its
current form faces a number of limitations. Indeed, even
though user intervention was minimized, a mesh of the pore
domain still has to be constructed. The mesh size has to be
of sufficient quality, as an overly coarse mesh could lead to
incorrect results. Additionally, during the calibration phase,
a factor 5 difference in the ratio experimental time versus
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Fig. 7 Cell/ECM growth on a complex geometry with diamond shaped
pores. Results are shown for different degrees of pore filling: 8 % (a),
15 % (b), 30 % (c), 50 % (d), 75 % (e), and 98 % (f) . The pore has
being cut in half (diagonally) for a better visualization of the simulated
growth. These results illustrate the bridging process (white circle) and
the subsequent change in topology when two local surfaces move in the
same direction
simulation time was found between geometries with 1 mm
versus 500 µm pore size. This means that in the experi-
ments, absolute cell/ECM growth was observed to be 5 times
faster in the larger pores compared to the smaller pores.
When incorporating this experimentally observed difference
in growth velocity in the simulations (multiplying the right-
hand side of equation 3 by a factor 5 for the large pores),
the ratio experimental time versus simulation time becomes
the same for both pore sizes. The difference in experimen-
tal growth speed could be caused by various factors, among
which the limitation of nutrient supply in the case of smaller
pores (on the inside of the scaffold) and is the subject of ongo-
ing investigations. This means that although the parameters
defining the growth rate for various geometries with a sim-
ilar pore size are equal, these parameters need to be altered
when larger pore sizes are modeled. Currently, the growth
rate only depends on the local curvature, adding additional
biological insights (related to e.g., the effect of mass transport
on cell/ECM growth) in combination with additional struc-
tural parameters (e.g., available surface area) might provide
a solution.
Potentially, the introduction of other influencing factors
in Eq. (1) such as mass transport, oxygen consumption, and
medium composition could help to explain the difference in
calibration factor between geometries with small and large
pore sizes. The introduction of space- and time-dependent
parameters representing the biology in a more mechanistic
way will be the subject of future work. When considering
mass transport in the model, a coupling with fluid dynam-
ics also needs to be established. The level set method has
already been successfully used in conjunction with fluid
dynamic and oxygen and nutrient consumption models in
the simulation of cartilage growth in an in vitro culture sys-
tem (Lappa 2005, 2003b), whereas the model by Lappa (35)
was limited to 2D, the multiphysics approach of combin-
ing curvature-dependent growth with fluid dynamics could
be extended to the third dimension. Finally, the quantita-
tive calibration/validation carried out in this study was based
on ‘2D projected void areas’ which constitutes a consider-
able simplification since both computational and experimen-
tal results were obtained in 3D settings. In order to overcome
this limitation, it is necessary to develop and use more real-
istic and information-rich validation techniques. The use of
computer tomography techniques such as microCT, nanoCT,
and CE-nanoCT to analyze and monitor 3D cell/ECM growth
(Voronov et al. 2012; Lenthe et al. 2007; Papantoniou
et al. 2013a) on complex geometries could offer substantial
improvement to the model by allowing for a more accurate
validation of cell/ECM growth kinetics and is something that
will be further pursued.
The results obtained by this study provide crucial feed-
back that would allow the intelligent design of (3D porous)
TE scaffolds that may actively guide 3D cell growth and final
cell/ECM construct characteristics. Based on the presented
computational tool, a wide range of biologically relevant 3D
scaffold designs could be tested in silico prior to the manu-
facturing phase. Furthermore, given the additional complex-
ities introduced by the use of dynamic culture conditions,
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i.e., in bioreactor setups, a multiphysics model could pose
as an attractive platform for further integrated studies on the
interplay between scaffold design features and process con-
ditions and their decoupled and combined effect on cell/ECM
growth.
In this study, we developed an LS-based computational
framework to predict the final shape of a biological con-
struct in static culture conditions for a given scaffold geom-
etry. Various geometries and pore sizes were examined both
experimentally and numerically, and a good qualitative and
quantitative behavior of the framework was demonstrated.
The model in its current form is able to provide important
information on the shape and the speed of the filling of tissue-
engineered constructs by cells and ECM.
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